Lipopolysaccharides (LPS) of four nonencapsulated strains of the human enteric pathogen Campylobacter jejuni were chemically characterized. When applied to two of the strains, extraction by a modified phenol-chloroform-petroleum ether method (H. Brade and C. Galanos, Eur. J. Biochem. 122:233-237, 1982) gave better yields of LPS than did extraction by the conventional hot phenol-water technique. Constituents common to all LPS were D-glucose, D-galactose, L-glycero-D-manno-heptose, 3-deoxy-D-manno-2-octulosonic acid, D-glucuronic acid, D-galactosamine, and phosphorylethanolamine. Phosphate was present in a relatively high amount. In addition, the LPS of three strains contained N-acetylneuraminic acid, whereas the LPS of the strain lacking this component contained 3-amino-3,6-dideoxy-D-glucose. The lipid A component contained phosphate with D-glucosamine and 2,3-diamino-2,3-dideoxy-D-glucose as the major amino sugars. Ethanolaminephosphate was present also. The major fatty acids were ester-and amide-bound 3-hydroxytetradecanoic and ester-bound hexadecanoic acids, with a minor amount of ester-bound tetradecanoic acid. This is the first report of N-acetylneuraminic acid in the oligosaccharide moiety and diaminoglucose in the lipid A of C. jejuni LPS.
hydrofluoric acid (Merck, Darmstadt, Federal Republic of Germany) at 4°C for 48 h (17) .
Treatment of LPS with sialidase. LPS (10 mg) was dissolved in sodium acetate buffer (pH 5.0; 2 ml) containing 100 mU of Vibrio cholerae sialidase (EC 3.2.1.18; Sigma) and incubated at 37°C for 3 h. The sample was heated (100°C, 10 min) and then dialyzed against water (300 ml). Both the retentate and the dialysate were concentrated and lyophilized separately.
Preparation of free lipid A. LPS (100 mg) was treated with acid (0.1 M HCI; 20 ml) in a sealed glass tube at 100°C for 30 min. Free lipid A was precipitated after centrifugation at 3,000 x g (4°C, 30 min); the pellet was washed with water, lyophilized, and subsequently solubilized by sonification and the addition of triethylamine to pH 8. The supernatant of the hydrolysate was concentrated and lyophilized (degraded oligosaccharide).
Reference compounds. Compound 89.397 [1-O-phosphorylated 2,3-diamino-2,3-dideoxy-D-glucose carrying two amidebound (R)-3-hydroxytetradecanoic acid groups] and 3-deoxy-D-manno-2-octulosonic acid (2-keto-3-deoxyoctonic acid; KDO) were kindly provided by P. Stutz and F. Unger, respectively, Sandoz Forschungsinstitut, Vienna, Austria. Vibrio parahaemolyticus LPS (serotype 012) and a disaccharide obtained from this LPS (2-acetamido-3-0- [3-acetam- ido-3,6-dideoxy-p-D-glucopyranosyl]-2-deoxy-D-galactose) (23) were gifts of S. Kondo (43) by gas-liquid chromatography (GLC), using xylose as an internal standard. A Varian 3700 instrument equipped with a chemically bonded OV-210 fused-silica capillary column (25 m by 0.2 mm) and hydrogen as the carrier gas (0.08 MPa) was used. The column temperature program was 150°C for 3 min, increasing to 250°C at 3°C/min; injector and detector temperatures were 250 and 290°C, respectively.
Analysis of KDO and Neu5Ac. KDO and NeuSAc were characterized as their partially methylated and acetylated 3-deoxyoctitols and 3-deoxynonitols, respectively, by GLC after treatment of LPS (5 mg) by the procedure described previously (48) . They were also analyzed in the form of their methyl ketosides. These were obtained by treatment of LPS (3 mg) with 1 M methanolic HCI (24) Tables 1 and 2 . Analyses accounted for 63 to 69% of the LPS (dry weight). The compositions of the LPS prepared by the two methods were comparable, although phenol-chloroform-petroleum ether extracted material had a higher phosphate content ( Table 2 ). The LPS preparations were essentially free from proteins (<0.1%) and nucleic acids (<0.1%).
Neutral sugars and uronic acid. The neutral sugars common to all of the LPS, though varying in molar ratios, were D-glucose, D-galactose, and heptose (Tables 1 and 2 ). Identity with authentic L-glycero-D-manno-heptose was obtained upon GLC of the alditol acetate derivative of the heptose (data not shown). After dephosphorylation of LPS with hydrogen fluoride, an increased amount of heptose was detectable on GLC analysis of neutral sugars, suggesting the presence of heptose-phosphate (Tables 1 and 2 ). The presence of glucuronic acid in the LPS was indicated by highvoltage paper electrophoresis, and the sugar was quantified in a carbazole colorimetric assay (Tables 1 and 2) . KDO and Neu5Ac. LPS was subjected to acidic methanolysis (1 M HC1, 1 h), and the products were subsequently deuterium reduced (NaB2H4), permethylated, hydrolyzed with trifluoroacetic acid, reduced (NaBH4) and peracetylated (48) . A mixture of partially methylated and acetylated derivatives of KDO and Neu5Ac (2,6- tion time (55 min), relative to glucosamine (49 min), as authentic 3-amino-3,6-dideoxyglucose in the amino acid analyzer. Upon hydrolysis of the purified 3-amino-3,6-dideoxyglucose-galactosamine disaccharide from V. parahaemolyticus 012 (23), the response factor for the dideoxyhexosamine in the post-column ninhydrin detection system of the amino acid analyzer was determined as 0.635, and the amino sugar was quantified by using this factor ( Table 1 ). The GLC behavior of the peracetylated S(+)-and R(-)-2-butyl glycosides of 3-amino-3,6-dideoxy-D-glucose (OV-210 column; retention times, 5.4 and 5.6 min, respectively) and those of the amino sugar were identical, which showed that the compound possessed the D configuration. Both the diaminohexose from C. jejuni LPS and the authentic compound produced a major peak at 62 min in the amino acid analyzer. On GLC separation of their alditol acetate derivatives and also on analysis with the amino acid analyzer, the molar ratio of 2,3-diamino-2,3-dideoxy-D-glucose to D-glucosamine was about 1:1 in strains 10935 and 10936, whereas it was approximately 0.5:1 in strains 10937 and 10938 (Tables 1 and 2 ).
Minor amounts of glucosamine-phosphate and 2,3-diamino-2,3-dideoxy-D-glucose-phosphate but stoichiometric amounts of ethanolamine and ethanolamine-phosphate were also found in the LPS hydrolysates by using the amino acid analyzer (Tables 1 and 2 Lipid A and degraded oligosaccharide. Acid hydrolysis (0.1 M HCl, 100°C, 30 min) of LPS of strain 10936 gave free lipid A and degraded oligosaccharide with yields of 41 and 37% (of LPS dry weight), respectively. The analyses shown in Table 3 accounted for 91% of the lipid A and 68% of the oligosaccharide. Lipid A contained all of the D-glucosamine, the 2,3-diamino-2,3-dideoxy-D-glucose, and fatty acids of LPS. The molar ratio of 2,3-diamino-2,3-dideoxy-D-glucose to glucosamine was about 1:1. Phosphate, ethanolamine, and ethanolamine-phosphate were also present in significant amounts. The degraded oligosaccharide contained all of the neutral sugars, D-glucuronic acid, KDO, and Neu5Ac. In addition, phosphate and low amounts of D-galactosamine and ethanolamine as well as ethanolamine-phosphate were present. Inorganic phosphate was present in a high amount (406 nmol/mg), which showed that cleavage of lateral/terminal phosphate had occurred during acid hydrolysis. The ratio of KDO to Neu5Ac was higher in degraded oligosaccharide (3:1; f The difference in 2,3-diamino-2,3-dideoxy-D-glucose before and after treatment of acid hydrolysates (4 M HCI, 100'C, 18 h) with alkaline phosphatase.
ronic acid was found in LPS of all four strains. Our success in observing the compound is probably due to the use of detection conditions and techniques different from those used previously (1) .
As in the core oligosaccharide of enterobacterial LPS (5, 27) , KDO and L-glycero-D-manno-heptose were present and were common constituents of all C. jejuni investigated. After dephosphorylation of LPS with hydrogen fluoride, an increased amount of heptose was detectable, suggesting the presence of heptose-phosphate.
An unexpected finding was that the TBA-reactive material of LPS of three strains included not only KDO but also Neu5Ac. Neu5Ac is found only rarely in procaryotes but, when present in bacteria, usually occurs as a component of capsular polysaccharide which is associated with bacterial virulence (18) . The compound is chemically related to KDO, which is present in all LPS characterized so far and has been used as a marker molecule for LPS (51) . Although uncommon in LPS, Neu5Ac has been identified as a constituent of LPS of Salmonella toucra (21) , the purple nonsulfur bacteria Rhodobacter spp. (24) , and Rhizobium meliloti (10 (24) . Unfortunately, no published data are available on its location in pathogenic S. toucra (21) . As in the LPS of Rhodobacter spp., NeuSAc is chain linked when present in capsular polysaccharide, e.g., Escherichia coli Kl and K92 capsules, and confers on the capsular polysaccharide low or no immunogenicity because of structural mimicry of mammalian host components (18) . Furthermore, sialylation of LPS by CMP-Neu5Ac, present in blood and serum, has been shown to convert serum-susceptible gonococci to resistance by inhibiting the reaction of LPS surface sites with bactericidal antibody (36) . C. jejuni extraintestinal isolates from patients with no predisposition to such infection have been reported to be more likely serum resistant than isolates from patients with predispositions, e.g., hypogammaglobulinemic patients (3) . Serum resistance of the tested strains, which included strains of the same serotype as those examined in the present study, could not be correlated with the presence of a specific protein or smooth LPS (3) . When present in C. jejuni LPS, the contribution of Neu5Ac to serum resistance could therefore be a possibility. Alternatively, it cannot as yet be discounted that sialylation of C. jejuni LPS occurs during growth on blood agar.
D-Galactosamine was a constituent of all LPS examined and was present in LPS of all C. jejuni biotype 1 strains previously tested (34) , suggesting that this amino sugar is a component of the core oligosaccharide. In enterobacterial LPS, phosphorylethanolamine and pyrophosphorylethanolamine are present in the core oligosaccharide (5, 27) , and ethanolamine when present in lipid A occurs as a substituting headgroup on phosphate of the lipid A backbone (5, 27, 40) . Likewise, ethanolamine and ethanolamine-phosphate were present in the degraded oligosaccharide and in the lipid A of C. jejuni LPS.
A further amino sugar, identified as 3-amino-3,6-dideoxy-D-glucose, was detected in LPS of strain 10937. This sugar has been found present in the mnajority of the LPS of tested strains of C. coli, a species closely related to C. jejuni, although the amounts present were not estimated (1) . Compared with the other strains, the yields of LPS from the water phase of hot phenol-water extracts of strain 10937 were the lowest, and LPS was also detected in the phenol phase. 3-Amino-3,6-dideoxy-D-glucose has also been found in the phenol-soluble LPS of some Salmonella, Citrobacter and Arizona spp. which possess higher hydrophobicity (28) .
Its presence may therefore be related to the lower yields of CCUG 10937 LPS if obtained from the water phase of phenol-water extracts.
The detection of both D-glucosamine and 2,3-diamino-2,3-dideoxy-D-glucose in C. jejuni lipid A is a novel finding, since it was assumed that D-glucosamine alone was the major amino sugar component in the lipid A of this bacterium (35 viridis [29, 42, 53] ) and related nonphototrophic bacteria (e.g., Pseudomonas diminuta [20, 29, 53, 55] ) is now under investigation.
The fatty acid composition of ester-and amide-bound 14:0(3-OH) with ester-linked 14:0 and 16:0 resembles that of the Enterobacteriaceae, particularly Proteus mirabilis (45) . However, the proportion of ester-bound 14:0(3-OH) in C. jejuni was lower (25% instead of 50% of the total), and the substitution by 14:0 appeared nonstoichiometric compared with that of P. mirabilis, in which substitution by 14:0 is stoichiometric and that by 16:0 is nonstoichiometric (45) .
On the basis of 16S rRNA studies, it has been suggested that campylobacters belong to a previously undefined phylogenetic branch of the eubacteria (25, 41, 49) . Our results showing an unusual composition of C. jejuni LPS which possess similarities to the LPS of the Enterobacteriaceae (core oligosaccharide and fatty acid composition) but also to the LPS of purple nonsulfur bacteria (Neu5Ac containing) and purple sulfur bacteria (2,3-diamino-2,3-dideoxy-D-glucose-and D-glucosamine containing), and which is therefore unique, support this conclusion.
